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	
The paralogues TRPV5 and TRPV6 belong to the vanilloid subfamily of the 
Transient Receptor Potential (TRP) superfamily of ion channels and both play an 
important role in overall Ca
2+
 homeostasis. The functioning of the channels centres on 
a tightly controlled Ca
2+
Adependent feedback mechanism where the direct binding of 
the universal Ca
2+
Abinding protein calmodulin (CaM) to the channel’s CAterminal tail 
is required for channel inactivation. We have investigated this interaction at the 
atomic level and propose that under basal cellular [Ca
2+
] CaM is constitutively bound 
to the channel’s CAtail via CaM CAlobe only contacts. When cytosolic [Ca
2+
] increases 
charging the apo CaM NAlobe with Ca
2+
, the CaM:TRPV6 complex rearranges and 
the TRPV6 CAtail further engages the CaM NAlobe via a crucial interaction involving 
L707. In a cellular context, mutation of L707 significantly increased the rate of 
channel inactivation. Finally, we present a model for TRPV6 CaMAdependent 
inactivation, which involves a novel soAcalled “twoAtail” mechanism whereby CaM 
bridges between two TRPV6 monomers resulting in closure of the channel pore. 
 
 ! 
TRPV6 calcium channel ; NMR ; ITC ; electrophysiology ; Calmodulin 
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	
 In humans, the Transient Receptor Potential (TRP)
‡
 superfamily of twentyA
seven ion channels are divided into six subAgroups (TRPC; TRPV; TRPM; TRPP; 
TRPA; TRPML). The members of the TRP superfamily have been grouped together 
based on proposed structural homology, such that members within each group are 
functionally diverse and expressed in a wide array of cell and tissue types
1
. 
Fundamental physiological roles have been clearly established from the identification 
of channel dysfunctionArelated pathologies (channelopathies)
2
, in addition to aberrant 
gene expression studies in various cancer cell types
3
. Recently, the structures of the 
transmembrane spanning parts of four distinct TRP channels have been solved; 
TRPV1 
4
, TRPV2 
5
, TRPV5 
6
 and TRPA1 
7
 by cryoAEM whereas TRPV6 has been 
solved by both XAray crystallography
8
 and by cryoAEM
9
. These analyses confirmed 
the previously postulated channel topology; i.e. native channels are tetrameric with 
each TRP subunit consisting of six transmembrane helices. Helices five and six of 
each subunit are arranged within the tetramer to form the ionAconducting pore, 
analogous to potassium channels and an irisAlike channel opening. Each 
transmembrane region is flanked by cytosolic NA and CAtermini of varying lengths
10
. 
Moreover, the CAtermini are in close proximity to the pore and surrounded by an outer 
skirt consisting of the NAterminal ankyrin repeats. 
 The epithelial Ca
2+
 channel TRPV6 is a member of the vanilloid subfamily 
and, together with its paralogue TRPV5, perform an important role in Ca
2+ 
homeostasis 
11
. These channels are highly selective for Ca
2+
 
12,13
 and are expressed 
within a range of epithelial cell types 
12,14
. Unlike 
A/A
 nullAmice, which exhibited 
a defect in bone formation due to excessive loss of Ca
2+
 in the urine
15
,
A/A
 nullA
mice were still viable on a normal calcium diet
16
; however they exhibited an increase 
in male sterility due to a block in Ca
2+
 uptake by the epididymal epithelium
16
. 
 In order to tightly regulate Ca
2+
 entry into the cell, TRP channels engage a 
Ca
2+
Adependent feedback mechanism(s) to inactivate the channel (channel gating). 
                                                        
‡  CaM: Calmodulin; CAtail: CAterminal tail of the TRPV6 channel; 
CSP: chemical shift perturbation; EM: Electron Microscopy; FRET: Foster resonance 
energy transfer; ITC: isothermal titration calorimetry; NMR: nuclear magnetic 
resonance; NAtail: NAterminal tail of the TRPV6 channel; TRP: transient receptor 
potential; TRPV: transient receptor potential vanilloid; HEK293: human embryonic 
kidney; GB1: B1 domain of protein G. 
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Thus, on the basis of experiments in whole HEK293 cells TRPV6 channel 
inactivation was proposed to occur via a fast Ca
2+
Adependent component together with 
a slower CaMAdependent component
17,18
. A number of Ca
2+
Aresponsive proteins have 
been shown to directly interact with TRPV5 and/or TRPV6; these include CalbindinA
D28K 
19
, 80AKH 
20
 and Calmodulin (CaM)
21A24
. Peptide scanning using 	 
 
predicted CaM binding sites identified five short TRPV5 peptide sequences capable 
of binding CaM
23A25
. Moreover, deletion of the CAterminal TRPV5 CaM binding site 
26
 or mutation of the analogous region in TRPV6 
18
 significantly increases cellular 
[Ca
2+
] without altering the membrane localisation of the channels in HEK293 cells. 
These observations for TRPV5 and TRPV6 are in line with those observed for other 
TRP channels; for example, channel desensitisation has also been achieved by 
deletion of the membrane distal CAterminal CaM binding site in either TRPC1 
27
, 
TRPV1 
28
 or TRPV4 
29
.  In addition, CaM has also been shown to bind to the 
cytosolic CAtails of TRPV2 
30
, strongly suggesting a similar mode of  CaMAdepenent 
channel inactivation within the TRPV family.   
 Taken together, these analyses strongly implicate the binding of CaM to the 
TRP CAtail as a key event in channel inactivation. CaM is a wellAknown ion channel 
regulator and has been proven to be very adaptable in its interaction with different 
targets
31,32
. CaM consists of two independent globular domains, denoted as the NAlobe 
and the CAlobe, linked by a flexible region (Fig. S1A). Each lobe independently binds 
two Ca
2+
 ions; although 	 the CAlobe has a 6Afold higher affinity for free Ca
2+
 
than the NAlobe
33
.  
To the best of our knowledge, a viable molecular mechanism for TRP channel 
inactivation by CaM has thus far remained elusive. Moreover, neither the EM nor the 
XAray TRP channel structures provide any clues, as the relevant CAtails are missing in 
all of these structures either as a result of truncations used for performing the 
structural studies or due to the disordered nature of the NA and CAtermini. Therefore, 
for the first time we present an experimentallyAderived model which details how, in a 
cellular context,  TRPV6 can be inactivated by CaM in response to elevated [Ca
2+
] via 
a novel soAcalled “twoAtail mechanism”. Using a combined approach involving NMR 
spectroscopy, ITC and analytical gel filtration together with electrophysiology, we 
present data that show the CaMAdependent TRPV6 inactivation process to comprise 
of three distinct states of the CaM:channel complex. In the accompanying paper by 
Bokhovchuk et al.
52
, we report on a structural and dynamical analysis of the complex 
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Bate et al_Biochemistry 5
of CaM with the TRPV5 paralogue representing the channel under basal Ca
2+
 
conditions. We identify key residues for the inactivation process, including L707A, a 
point mutation that sensitises the system, causing an increased rate of channel 
inactivation in response to increased cellular [Ca
2+
]. We rationalise that the 
mechanism proposed here is potentially also applicable to other CaMAdependent 
inactivated TRP channels. 
 

 

 
The TRPV6
655A722
 region and mutants thereof, were generated by PCR and cloned into 
the  protein expression vector pLEICSA46, which contains a NAterminal GB1 
solubility tag, a His6 affinity tag followed by a TEV cleavage site (Protex, Leicester 
University). CaM wildAtype and mutants thereof, were generated by PCR and inserted 
into the  protein expression vector pLEICSA01, which contains a His6 affinity 
tag followed by a TEV cleavage site (Protex, Leicester University). The plasmids 
used in the electrophysiology studies were constructed as follows. TRPV6
1A725
 and 
TRPV6
1A725(L707A)
 were generated by PCR and cloned into the mammalian expression 
vector pCINeo/IRESAeGFP 
23
. All constructs were sequence verified. 
 
"	
Proteins were expressed in   BL21 Star (DE3) (Novagen) and purified as 
previously described
34
. Recombinant proteins were analysed by 16 % SDSAPAGE and 
stained using brilliant blue RA250. Protein concentration was determined at A280 
(Eppendorf BioPhotometer plus) using the respective extinction coefficient as 
determined by the ProtParam Tool (http://web.expasy.org/protparam/). 
 
 	# 
Recombinant CaM and TRPV6 proteins were dialysed into gel filtration buffer (20 
mM TrisACl pH 8.0, 150 mM NaCl and 2 mM DTT). Complexes were formed in the 
presence of 10 mM Ca
2+
 at room temperature for 30 minutes. Analytical gel filtration 
chromatography was carried out using a SuperdexA75 (10/300) column (GE 
Healthcare) preAequilibrated and then run in gel filtration buffer. 
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		 $%
Recombinant CaM and TRPV6 proteins used in NMR experiments were dialysed 
against highACa
2+
 buffer (20 mM TrisACl pH 7.4, 50 mM KCl and 10 mM CaCl2). All 
NMR samples contained 5% 
v
/v D2O. 

		 &"
Spectra were recorded at 308 K on Bruker 500 MHz AVI; 600 MHz AVIII; 600 MHz 
AVIII HD and 800 MHz AVII, with the 600 MHz and 800 MHz spectrometers 
equipped with CryoProbes
TM
. The binding of TRPV6 proteins to CaM was monitored 
by 2D 
15
NA
1
HAHSQC experiments. Changes in the Ca
2+
 bound status of the CaM 
lobes was easily visualised by the presence or absence of representative CaM NA and 
CAlobe peaks (cf. Fig S1A). 
For the assignment of 
13
C
15
NACaM complexes with TRPV6
655A722
, the following series 
of heteronuclear tripleAresonance experiments were performed: 3D HNCA, 
HNCACB, HN(CO)CA, CBCA(CO)NH, HNCO, which yielded backbone and Cβ 
chemical shift assignments. Data were analysed using CcpNmr AnalysisAssign
51
. 
CaM chemical shift perturbations (CSP) resulting from binding were calculated for 
individual atoms and averaged with the differences of their directly bonded 
neighbours using a 7:1 weighting for 
1
H resonances 
 
15
N resonances.  
Minimal shift mapping using a nearestApeak based approach
35
 was performed as 
follows. A resonance frequency amide peak table for each mutant spectrum was 
generated in TopSpin3.2 (Bruker). CSPs were calculated using a weighting for 
1
H 
resonances 
 
15
N resonances of 7:1 for all mutant spectra derived peaks relative to 
each assigned peak in the 
15
NACaMWT:TRPV6
655A722
 wildAtype spectra, with the lower 
limit taken as the minimal shift. This analysis was performed on the following 
15
NA
CaMWT:TRPV6 complex amide residues; CaM NAlobe residues 2A41; 44A47; 51A65; 
67A70 and CAlobe residues 84A148. Thus, this analysis generates a lower limit for the 
CSP value of each of these backbone amide residues. 
 

 $%
Recombinant CaM and TRPV6 proteins used in ITC experiments were prepared as 
for the NMR experiments (above). The concentration of CaM in the cell ranged from 
17.4A23 M with a 19Afold excess of TRPV6 protein in the syringe. ITC experiments 
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Bate et al_Biochemistry 7
were performed using a VPAITC MicroCalorimeter. Samples were equilibrated to 25 
°C, then 20 serial injections of 5 l were added at a stirring speed of 300 rpm at an 
interval of 4 minutes, followed by 19 serial injections of 10 l under the same 
conditions. To correct for background heating effects TRPV6 protein was titrated into 
buffer alone. ITC data analysis was carried out using Origin 7 software using either a 
one or two site binding model. 
 
'	
 #		#
TRPV6 channel inactivation was determined by measuring the kinetics of TRPV6 
currents using the wholeAcell configuration of the patchAclamp technique. HEK293 
cells were transiently transfected with pCINeo/IRESAeGFP TRPV6 using 
Lipofectamine 2000 (Invitrogen). After 4 hours, the transfection media was 
exchanged for a low Ca
2+
 DMEM culture media (to minimize inward calcium fluxes 
during cell culture) supplemented with 1.8 mM MgCl2 (to replace CaCl2 and keep 
total divalent cation concentration the same as standard culture media), 10 % serum, 
LAglutamine, penicillin and streptomycin.  Cells were lifted off the plate using 
enzymeAfree cell dissociation buffer (Invitrogen, UK). Cells were superfused with 
room temperature NMDGAbased (0 Na
+
, 0 Ca
2+
) extracellular solution containing 142 
mM NMDGACl, 4 mM CsCl, 1 mM MgCl2, 10 mM Glucose, 5 mM HEPES, pH 7.4. 
Borosilicate glass patchApipettes (2 – 4 MT) were filled with an intracellular solution 
containing 100 mM Cs Aspartate, 20 mM CsCl, 4 mM Na2ATP, 10 mM HEPES, 10 
mM BAPTA, 1 mM MgCl2, pH 7.2.  The recording chamber was grounded through 
an agar bridge connected to an Ag/AgCl pellet in 3 M KCl. A pipette offset was 
applied to correct for junction potentials prior to recording. Once whole cell access 
was achieved, cells were left for 2 mins for cell dialysis with pipette solution.  
Currents were elicited with 400 ms duration voltage clamp steps applied repetitively 
every 500 ms, from a holding potential of A20 mV to a step potential of A100 mV. To 
measure TRPV6 currents, the extracellular solution was switched to a 2 mM CaCl2, 
140 mM NaClAbased (Ca
2+
 + Na
+
) solution (all other components were the same as 
the NMDGAsolution). Leak current was measured prior to the extracellular solution 
being exchanged for a 2 mM Ca
2+
, NaCl based (control) solution. Currents were 
sampled at 5 kHz and recorded to disk for offAline analysis. TRPV6 currents were 
measured as the peak current in Ca
2+
 + Na
+
 solution, minus current in the NMDG 
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Bate et al_Biochemistry 8
solution.   PClamp9 software (Molecular Devices) was used for data acquisition and 
current trace analysis and Prizm (Graphpad) for figure preparation and statistical 
analysis. Experimental traces did not decay exponentially and consequently were best 
described by time analysis at 20, 50 and 80 % inactivation.  


	


	





 We previously targeted the cytoplasmic TRPV6 CAtail (residues 579A725) and 
identified the TRPV6
691A716
 CAtail peptide as a highAaffinity CaM binder (Kd of 77 ± 
18 nM) under a ~100Afold excess of Ca
2+
 (highACa
2+
 conditions)
24
. To investigate 
both the Ca
2+
 dependency and CaMAlobe specificity of the CaM:TRPV6 CAtail 
interaction, we selected the longest soluble TRPV6 region of 655A722 
25
. This 
fragment was used in conjunction with a set of previously described CaM mutants 
which have impaired Ca
2+
 binding properties in one or more of CaM’s Ca
2+
 binding 
sites  (Fig S1A)
36
. In particular, we used variants which prevent either the NAlobe, the 
CAlobe or both lobes from binding Ca
2+
. Following convention, these were denoted as 
CaM12, CaM34, and CaM1234, respectively, where the subscripts indicate the mutation 
of the relevant CaM Ca
2+
Abinding sites. The structural integrity of the mutant CaMs 
was confirmed by analysis of 
15
NA
1
HAHSQC spectra, where changes in the Ca
2+
 bound 
status of the individual CaM lobes can be readily visualised by the presence of peaks 
corresponding to residues in each lobe (Figs S1BAI).  
 Analysis of the binding of TRPV6
655A722
 to the various Ca
2+
 deficient CaM12, 
CaM34 and CaM1234 mutants under highACa
2+
 [10mM] conditions using analytical gel 
filtration and NMR spectroscopy revealed that disruption of all four Ca
2+
 binding sites 
in CaM (CaM1234) was sufficient to abrogate virtually all binding (Fig. S2A,B). 
Disruption of Ca
2+
 binding to the CaM CAlobe in the CaM34 protein , which is defunct 
in its Ca
2+
 binding to the CAlobe but has native Ca
2+
Abinding capability for its NAlobe, 
also resulted in no significant interaction with the TRPV6 CAtail by analytical gel 
filtration (Fig. S2C) but CaM NAlobe specific shifts were observed in the 
15
NA
1
HA
HSQC spectrum (Fig. S2D), suggestive of a weak binder. In contrast, Ca
2+
 bound 
CaM12, which has Ca
2+
 bound only to the CaM CAlobe  was sufficient to facilitate 
strong TRPV6
655A722
 binding, as evident from gel filtration (Fig. 1A), NMR 
spectroscopy (Fig. 1B) and ITC (Fig. 1C). The CaM12ATRPV6 complex displayed a 
~1:1 stoichiometry with a Kd of 34 ± 3 nM indicative of a tight binding event. 
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Bate et al_Biochemistry 9
Weighted average chemical shift perturbations (CSPs, Fig 1D), which yield residueA
specific information regarding the binding event, are observed exclusively for 
residues in the Ca
2+
Aloaded CAlobe. Notably, the largest CSPs were observed for 
residues F92 and M144, which together make up a substantial part of the wellA
characterised hydrophobic pocket of the CaM CAlobe that is formed upon binding 
Ca
2+
 
37
 and fully consistent with the structure of the CaM12:TRPV5
655A725
 complex
52
. 
Figure 1A Analysis of TRPV6 CAtail binding to the Calmodulin NAlobe (CaM12). 
A) Analytical gel filtration curves are displayed for; free TRPV6655A722 in black, free CaM12 in red and 
the corresponding CaM12:TRPV6
655A722
 complex at a 1:1 molar ratio in green. 
B) Overlay of the 
15
NA
1
HAHSQC spectra of 
15
NAlabelled CaM12 (black) with the 
15
NAlabelled 
CaM12:TRPV6
655A722
 complex (red) at a 1:1 molar ratio. Note that nonAoverlapping peaks identify 
residues affected by complex formation. 
C) Representative ITC plot of CaM12 titrated by TRPV6
655A722 and fitted using the one binding site 
model. Values for the number of binding sites N, together with the binding constant Kd are shown. 
Number of replicates equals 3. 
D) CaM12 chemical shift perturbation (CSP) (δboundAδfree) as a function of residue number for the 
15
NA
labelled CaM12ATRPV6
655A722
 complex at a molar ratio of 1:1. CSP values (ppm) were calculated as 
described in the materials and methods. A horizontal light blue line indicates the estimated absolute 
error. 
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Bate et al_Biochemistry 10
We also tested the effect of the individual Ca
2+
Abinding sites in the CaM CAlobe using 
the CaM123 and CaM124 mutants to conclude that Ca
2+
 binding to site 4 in CaM is 
essential for the interaction with TRPV6 (Fig. S3). For the paralogue TRPV5 we also 
clearly established that a specific CaM:TRPV5 complex is formed under cellular 
basal Ca
2+
 conditions that involves a fully Ca
2+
Aloaded CaM CAlobe
52
 and hence, by 
analogy we infer the same molecular state for the CaM:TRPV6 complex. 
 Thus, based on these combined data we propose that, induced by the 
differential affinities of the CaM CA and NAlobes for Ca
2+
, CaM first binds to the 
TRPV6 CAtail via critical contacts made solely within a fully Ca
2+
Aloaded CAlobe.  
 


 



!
	
   

 To further investigate the role of the CaM NAlobe in Ca
2+
Amediated TRPV6  
channel inactivation, we next assessed the interaction between TRPV6
655A722
 and CaM 
under highACa
2+
 (10mM) conditions. Analysis of this interaction by ITC (Fig. 2A) 
revealed an initial tight binding event with a Kd 43 ± 11 nM, similar to that previously 
seen for CaM12 (cf. Fig. 1C). However, unlike the interaction of TRPV6 with CaM12, 
in the presence of a Ca
2+
Aloaded CaM NAlobe, a second weaker interaction (9 M) is 
also evident suggesting a twoAstep binding pattern ( 	). NMR spectroscopy 
(Figs 2B,C) revealed that both CaM NA and CaM CAlobes now engage the TRPV6 CA
tail, in marked contrast to the lowACa
2+
 state exemplified by the CaM12ATRPV6 
complex. To determine which CaM residues are involved in the transition from the 
restingAopen state (CaM12:TRPV6
655A722
) to the highACa
2+
 openAstate 
(CaMWT:TRPV6
655A722
), we subtracted the CSPs for CaM12:TRPV6
655A722
 (Fig. 1D) 
from those obtained for CaMWT:TRPV6
655A722
 (Fig. 2C), effectively yielding the 
differential effects between the two complexes.  The results of this analysis (Fig. 2D) 
clearly show that the major effects occur for CaM NAlobe residues with only minor 
changes observed for residues in the CaM CAlobe. In addition, the largest changes for 
the CAlobe occur for residues close in sequence to the NAlobe and are therefore likely 
due to their physical proximity to the NAlobe, rather than to a change in actual 
binding. 
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Figure 2A Analysis of TRPV6 CAtail binding to the fully Ca
2+
Aloaded Calmodulin 
(CaMWT). 
A) Representative ITC plot of CaMWT titrated by TRPV6
655A722 and fitted using a two sites model. 
Values for the number of binding sites N, together with the binding constant Kd are shown.  Number 
of replicates equals 3. 
B) Overlay of the 
15
NA
1
HAHSQC spectra of 
15
NAlabelled CaMWT (black) and the 
15
NAlabelled 
CaMWT:TRPV6
655A722
 complex (red) at a 1:1 molar ratio. 
C) CaMWT chemical shift perturbations (CSPs) (δboundAδfree) as a function of residue number for the 
15
NAlabelled CaMWTATRPV6
655A722
 complex at a molar ratio of 1:1. CSP values (ppm) were calculated 
as described in the materials and methods.  
D) CSP differences of the 1:1 CaMWTATRPV6
655A722
 complex (as in C) and the 1:1 CaM12ATRPV6
655A
722 complex (cf. Fig. 2D) as a function of residue number. Horizontal light blue lines in C) and D)  
indicate the estimated absolute error. 
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 To date, the CaM:TRPV1
767A801
 represents the only CaM:TRP CAtail complex 
for which an atomic structure has been solved (PDB id 3SUI; Fig. 3A)
38
. Under high 
Ca
2+
 conditions, CaM:TRPV1
767A801
 adopts the typical closed canonical fold observed 
in many CaM:peptide complexes
32
. Further analysis of the structure of this complex 
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shows that the minimal TRPV1 CaMAinteracting region comprises residues 784A798. 
In order to compare this CaM interacting region to the analogous 691A706 region 
within the TRPV6 fragment, we assembled the 1:1 
15
NACaMWT:TRPV6
GB1A655A722
 and 
1:1 
15
NACaMWT:TRPV6
GB1A691A706
 complexes. Comparison of their 
15
NA
1
HAHSQC 
Figure 3A Analysis of the TRV6 CAtail CaM binding site. 
A) Ribbon diagram of the crystal structure of the CaM:rTRPV1767A801  CAtail complex (PDB: 3SUI)36. 
The CaM NAlobe (purple), CAlobe (green) and the rTRPV1 peptide (grey) are indicated. Key rTRPV1 
CaM NA and CAlobe residues are highlighted. Below: pairwise alignment between the rTRPV CAtail 
CaM binding region and the analogous region of TRPV6. The rTRPV1 region present in the crystal 
structure in (A) is underlined. 
B) Overlay of the 
15
NA
1
HAHSQC spectra of the 1:1 
15
NAlabelled CaMWT:GB1ATRPV6
655A722
 complex 
(black) with the 1:1 15NAlabelled CaMWT:GB1ATRPV6
691A706 complex (red). 
C) Alanine scanning mutagenesis of the TRPV6
655A722
 CAtail CaM binding site. 
15
NAlabelled 
CaM:mutant TRPV6655A722 1:1 complexes were analysed by 15NA1HAHSQC NMR. Each bar represents 
the average of the minimal shift CSPs for the CaMC lobe region, calculated as described in the 
materials and methods. Untested residues are labelled with an asterisk. A horizontal light blue bar 
indicates the estimated absolute error for the 15NAlabelled CaM:TRPV6655A722 1:1 complex. 
D) As for C) but calculated for the CaMN lobe. 
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spectra (Fig. 3B) clearly indicates that residues outside of TRPV6 691A706 are also 
involved in this interaction. Furthermore, a qualitative analysis suggested that the 
differential effects predominantly involve residues specific to the CaM NAlobe, which 
can only be rationalised by a complex that is structurally distinct from the 
CaM:TRPV1 complex.   
To assess the contributions of individual TRPV6 residues to lobeAspecific 
CaM binding in the context of the longer CAtail fragment (655A722), we employed 
alanineAscanning mutagenesis. We excluded W695 as this residue has previously been 
shown to fully abrogate CaM binding
18
. The ability of each TRPV6 mutant protein to 
bind to 
15
NACaMWT under high Ca
2+
 conditions was assessed by 
15
NA
1
HAHSQC and 
the data analysed using a minimal shift or nearest neighbour approach; this 
methodology has been shown to accurately reflect proteinAprotein interactions
35,39
. 
Minimal shift analyses of fifteen 
15
NACaMWT:TRPV6 mutant protein complexes are 
shown in Fig. S4 with the mean shifts for the CaM CA and NAlobes presented in Figs 
3C and 3D, respectively. Three distinct parts to the TRPV6 CaM binding region can 
be identified: a CaM CAlobe specific region comprised of residues S691AL703, a CaM 
NAlobe specific region encompassing residues L707AR708 and a hinge region formed 
by D706. Furthermore, this CaM:TRPV6 binding pattern suggests that, unlike 
TRPV1, under highACa
2+
 conditions TRPV6 induces a different CaM complex in 
which interactions occur independently across both CaM lobes.  
 In summary, the data show that in response to increasing [Ca
2+
] the CaM NA
lobe becomes fully loaded with Ca
2+
, in which the CaM:TRPV6 complex is 
characterised by CaM NAlobe specific interactions with the CAterminal portion of the 
TRPV6 CaM binding site.  
 
 	"#

  
 The ITC data probing the interaction between TRPV6
655A722
 and CaMWT  (Fig. 
2A) showed the presence of a second weaker binding event, such that one CaMWT can 
bind two TRPV6
655A722
 moieties. NMR spectroscopy of the CaMWT  and TRPV6
655A722
 
complexes at 1:1 and 1:2 molar ratios (Figs 4A,B) showed that significant changes 
arising from the binding of the second TRPV6 moiety are almost exclusively 
observed for the CaM NAlobe. Interestingly, the most affected residues are part of the 
hydrophobic pocket on the NAlobe (Fig. 4C), which is formed when it binds Ca
2+
 
37
. 
Page 14 of 37
ACS Paragon Plus Environment
Biochemistry
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
Bate et al_Biochemistry 15
 We then assessed the role of W695 in formation of the 1:2 complex. Two 
tryptophan residues are present in the TRPV6
655A722
 construct; W695 and W719, 
whose sideAchain indole amino groups present convenient probes to monitor the 
interaction by recording 
15
NA
1
HAHSQC spectra of 
15
NATRPV6
655A722
 and its various 
CaM complexes (Fig. 4D). As expected neither CaMWT, nor the various mutant 
CaMs, affect the W719 crossApeak, consistent with the notion that this residue does 
not participate in binding. However, the crossApeak of W695 is strongly shifted upon 
Figure 4A Analysis of the second TRV6 CAtail CaM binding site. 
A) Overlay of the 
15
NA
1
HAHSQC CaM spectra of the 1:1 
15
NAlabelled CaMWT:TRPV6
655A722
 complex 
(black) with the 1:2 15NAlabelled CaMWT:TRPV6
655A722 complex (red). 
B) CaMWT chemical shift perturbation (CSP) (δbound 1:2Aδbound 1:1) as a function of residue number for 
the 1:2 
15
NAlabelled CaMWTATRPV6
655A722
 complex compared to the 1:1 complex. CSP values (ppm) 
were calculated as described in the materials and methods. The horizontal light blue line indicates the 
estimated absolute error. The four residues with the largest CSPs are highlighted. 
C) Ribbon diagram of the CaM NAlobe (purple) of the CaM:rTRPV1
767A801
 CAtail complex (PDB: 
3SUI)
36
.  Highlighted residues from B) are shown as sticks (cyan). 
D) Zoomed regions of various 15NA1HAHSQC spectra of 15NAlabelled TRPV6655A722 in complex with 
different Ca
2+
 bound forms of CaM. The indole ring amino group of the tryptophan side chains for 
residues W695 and W719 are marked. 
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addition of CaM12, binding to the CaM CAlobe in line with its proposed crucial role in 
complex formation
18
 and the CaM12:TRPV5 structure
52
. Conversely, a unique cross 
peak position is observed for the 1:1 CaM34:
 15
NATRPV6
655A722
  complex, in which 
only the CaM NAlobe is Ca
2+
Abound and engages with the TRPV6
655A722 
moiety. 
Comparison of the 1:1 CaM12:
15
NATRPV6
655A722
 complex with the 1:1 CaMWT:
15
NA
TRPV6
655A722 
complex shows an identical pattern for both complexes, indicating that 
W695 is bound to the CaM CAlobe in both instances. Interestingly, upon formation of 
the 1:2 CaMWT:
15
NATRPV6
655A722
complex, a W695 crossApeak appears at a spectral 
location similar to the crossApeak observed for the 1:1 CaM34:
15
NATRPV6
655A722
 
complex. Thus, we conclude that in the 1:2 CaMWT:
15
NATRPV6
655A722 
complex one 
TRPV6 tail is bound to the CaM CAlobe via its W695 residue, while a second TRPV6 
CAtail is bound to the CaM NAlobe via its W695 residue.  
 To further investigate the role of the critical TRPV6ACaM NAlobe interactions 
on channel inactivation we decided to focus on the L707 residue, which we identified 
as a CaM NAlobe specific interactor from the alanine scanning mutagenesis (Figs 3CA
D). Therefore, we evaluated the binding of the TRPV6
655A722
 L707A mutant to CaMWT 
by NMR spectroscopy (Figs 5A, B) and ITC (Fig. 5C). CSP analysis shows changes 
predominantly for residues in the CaMWT NAlobe, with minor changes seen for the CA
lobe residues closest to the NAlobe. The latter probably arise indirectly from a 
proximity effect. Interestingly, the mostAaffected residues cluster in the hydrophobic 
pocket (Fig. 5B) also identified for the 2;1 interaction. The mutation has increased the 
affinity of TRPV6
655A722 
L707A for CaMWT for the first binding event by ~2Afold, but 
significantly, increased the affinity of the second binding event by 10Afold.  
 If the formation of the 1:2 complex has a functional role, the increased affinity 
of the second binding event resulting from the L707A mutation would be expected to 
stabilise the inactivated state and thus increase the rate of channel inactivation. Hence, 
the effect of the L707A mutation in the context of the intact channel was investigated 
by measuring channel inactivation in mammalian cells. TRPV6 mediated currents 
were recorded by wholeAcell voltage clamp in HEK293 cells expressing either WT or 
mutant L707A channels. We ensured proper control of intraAcellular Ca
2+
 during cell 
culturing and experiment preparation (see methods) and leak currents were measured 
prior to the extracellular solution being exchanged for high Ca
2+
conditions. 
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Figure 5A Characterisation of the TRPV6
655A722
 L707A mutant. 
A) CaMWT chemical shift perturbation (CSP) (δboundV6L707AtAδboundV6WT 1:1) as a function of residue 
number for the 1:1 
15
NAlabelled CaMWTATRPV6
655A722(L707A)
 mutant complex. CSP values (ppm) were 
calculated as described in the materials and methods. A horizontal light blue line indicates the 
estimated absolute error. Residues with the largest CSP are highlighted. 
B) Ribbon diagram of the CaM NAlobe (purple) of the CaM:rTRPV1
767A801
 CAtail complex (PDB: 
3SUI).  Highlighted residues from A) are shown as sticks (cyan). 
C) Representative ITC plot of CaMWT titrated by the TRPV6
655A722(L707A)
 mutant and fitted using the two 
sites model. Values for the number of binding sites N, together with the binding constant Kd are shown.  
Number of replicates equals 2. 
DAE) Representative WT (D) and L707A (E) TRPV6 whole cell current traces elicited by repetitively 
pulsing to 100 mV. Currents were first recorded in an NMDGAbased (0 Na+, 0 Ca2+) solution, then 
switched to a normal Na
+
 + Ca
2+
 based solution. For clarity, only selected traces, different for each 
panel, are shown with the corresponding pulse number indicated to the right of each panel. Note that 
WT currents are superimposed for the first 5 pulses, whereas L707A currents decrease substantially 
during the same timeAframe.  
F) Representative L707A TRPV6 whole cell current recordings from a cell perfused with 0 Ca
2+
 (0 
mM Ca
2+
, 2 mM EGTA) NaClAbased extracellular solution. Currents showed no fast or slow 
components of inactivation in the absence of extracellular Ca
2+
 (for clarity, only first 10 current traces 
are shown).  
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(G) Representative time courses of Ca
2+
Adependent current inactivation for WT and L707A TRPV6 
currents. Peak currents with each voltage pulse were normalised to peak current at pulse 1 and plotted 
against time. Each symbol represents normalised current from a single voltage pulse.  
(HAJ) Time to 20, 50 and 80 % inactivation. Each symbol is a measure from a single cell. Horizontal 
lines indicate mean ± SEM. * p < 0.05. ns – not significant. 
 
Representative TRPV6 and TRPV6 L707A currents recorded in control 
solutions in response to 500 ms repetitive pulsing to A100 mV at a frequency of 1 Hz 
are shown in Figs 5DAE. As reported previously
18,40
, two components of inactivation 
were observed, a rapid onset component (complete in ~50 ms) and a slow component. 
Whereas the fast component rapidly recovered between pulses, after an initial delay 
the slow component resulted in a progressive reduction of current amplitude with 
repetitive pulsing (Fig. 5G). Currents could also be observed to slowly and fully 
recover from inactivation over a period of several minutes under conditions of 
reduced Ca
2+
 entry (50 ms duration pulses applied at 10 s intervals; data not shown) 
and inactivation was abolished in solutions without extracellular Ca
2+
 (Fig. 5F), 
indicating that both components of inactivation were Ca
2+
 dependent and current runA
down was minimal. Mean maximum inactivation for TRPV6 and TRPV6AL707 was 
86 ± 3 % (n=10) and 90 ± 1.6 % (n=12), respectively. Figs 5GAI show that 
inactivation of TRPV6 L707A currents was significantly faster when compared to 
TRPV6. The mean times to 20% (t0.2) and 50% (t0.5) inactivation were 4300 ± 790 ms 
and 6600 ± 1100 ms, respectively, for TRPV6. These were significantly reduced to 
1990 ± 390 ms and 3500 ± 480 ms, respectively, for TRPV6 L707A (Figs 5H, I). 
Mean current amplitudes of TRPV6 L707A were A1600 ± 200 pA (n=11), which was 
significantly higher than A1050 ± 100 pA (n=11) for TRPV6. We considered the 
possibility that the faster inactivation of TRPV6 L707A was due to larger currents and 
greater Ca
2+
 influx. However, the correlation between current amplitude and t0.5 
inactivation for the combined TRPV6 and TRPV6 L707A data was poor (Pearson R
2
 
value 0.46, n = 22) and even lower for the TRPV6 L707A data alone (Pearson R
2
 
value 0.23, n = 11). Thus, we conclude that the TRPV6 L707A mutation increases the 
rate of inactivation of functional channels in a manner consistent with the effects of 
this mutation on CaM binding affinity.   
 
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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
 The epithelial TRPV5 and TRPV6  Ca
2+
Achannels play an important role in 
Ca
2+ 
homeostasis, and their functioning is tightly controlled by a Ca
2+
Adependent 
feedback mechanism(s) to facilitate channel inactivation. Calcium CaMAdependent 
TRPV6 channel inactivation involves the very CAterminal part of the channel, which 
is unfortunately either absent or unresolved in the atomic resolution structures of 
TRPV6
8,9
. Here, we have used a range of biophysical techniques to characterise the 
interactions of CaM with the TRPV6 CAterminal tail that underpin the mechanism of 
channel inactivation. We deduce that this mechanism involves three distinct states of 
the CaM:TRPV6 complex and propose a soAcalled “twoAtail” model to rationalise our 
findings (cf. Fig. 6): The model comprises: 1) a “resting Ca
2+
Aopen state” formed 
under basal cellular [Ca
2+
] of ~100 nM where calmodulin (CaM) engages the CAtail 
via CaM CAlobe interactions and the CaM NAlobe is in an apo state; 2) a “highACa
2+
 
openAstate” is formed when an increased cellular [Ca
2+
] loads the apo CaM NAlobe 
with Ca
2+
 and the CAtail can now engage the CaM NAlobe via via a crucial 
TRPV6
L707
:CaM NAlobe specific interaction; 3) a “highACa
2+
 inactivated state” is 
formed when the channel engages CaM via a novel mechanism, whereby a second CA
tail displaces the first CAtail from the CaM NAlobe to form a complex which bridges 
Figure 6A Schematic of the “twoAtail” model of CaMAmediated TRPV regulation. 
Note only two of the four TRPV channel subunits are represented. Differential CA or NAlobe 
dependent interactions (indicated) characterise the resting Ca
2+
Aopen, high Ca
2+
Aopen and inactivated 
states. Leucine 707 is crucial in the switch to the 1:2 CaM:TRPV6 complex that results in an 
inactivated channel. 
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between two monomers and is coupled to closure of the channel pore. 
 Our data show that the low Ca
2+
Amimicking CaM12Amutant forms a tight 
complex mediated by only the CaM CAlobe (Fig. 1) and under resting intracellular 
Ca
2+
 levels (~100 nM) the CAtail of the TRPV6 paralogue, TRPV5, is constitutively 
bound to CaM
52
. Moreover, under these conditions the CaM CAlobe is fully Ca
2+
 
loaded whilst the NAlobe remains Ca
2+
 free.  This is in line with previous 
observations, which showed that in HEK293 cells at an intracellular [Ca
2+
] of 200 nM 
none of the ~10 µM total cellular CaM is fully Ca
2+
Aloaded
41
. In addition, a TRPV1A
CaM complex was successfully purified from HEK293 cells using 
immunoprecipitation experiments
28
, also indicating a tight association between the 
channel and CaM under native conditions. Furthermore, liveAcell FRET experiments 
of voltageAgated Ca
2+
 ion channels showed constitutive association of CaM with the 
channel under a low intracellular [Ca
2+
] 
42
. However in contrast, liveAcell FRET 
experiments of TRPV6 suggested a  [Ca
2+
]Adependent association of the channel with 
CaM, rather than a constitutive one
17
. In these latter experiments, the fluorophore was 
tagged on to the NAterminus of the CaM NAlobe and therefore was most likely 
monitoring the induced association of the CaM NAlobe with the channel, as postulated 
by our highACa
2+
 openAstate 1:1 CaM:TRPV6  complex, rather than a direct CaM CA
lobe mediated channel interaction.  
 In direct response to elevated [Ca
2+
] CaM is further Ca
2+
Aloaded at its NAlobe, 
thus extending the high affinity binding surface to include both the CA and NAlobes. 
This establishes the highACa
2+
 openAstate 1:1 CaM:TRPV6  complex (Figs 2C,D). In 
order to identify the key TRPV6 residues essential for the formation of this complex, 
we employed alanine scanning mutagenesis and assessed the ability of each TRPV6 
mutant to bind to CaMWT. This analysis identified three distinct parts to the TRPV6 
CaM binding interface, with the region S691AL703 functioning as the primary region 
for the CaM CAlobe interaction (Fig. 3C) and by analogy the residues involved in the 
CaM12 interaction. This region is highly conserved between TRPV6
691A703
 
(SSANWERLRQGTL) and the equivalent part from TRPV5
698A710
 
(SHRGWEILRQNTL), with the latter extensively tested using electrophysiology 
experiments. Mutagenesis of the TRPV5 residues only increased Ca
2+
 uptake in 
HEK293 cells, most likely due to a reduced ability to bind CaM
23
. Significantly, none 
of the mutations tested resulted in a reduced Ca
2+
 uptake i.e. suggestive of channel 
inactivation. Furthermore, the critical CaM NAlobe interacting TRPV6 region 
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(
704
RRDLR
708
) identified in this study is not conserved within TRPV5 
(
710
GHLNL
714
). The fullAlength TRPV6 L707A mutant channel showed a 
significantly faster inactivation in our electrophysiology experiments (Figs 5DAJ), 
which cannot be rationalised by a loss of the CaM:TRPV6 interaction. Finally, this 
effect constitutes the first observation of a mutation in a TRPV channel that results in 
faster inactivation; thus far all other mutations were only shown to abrogate the 
inactivation process. 
 In the XAray structure of CaM and the related TRPV1 CAtail
38
 TRPV1 residues 
784A798 are tightly embedded in a classical antiparallel ‘closed’ CaM conformation, 
simultaneously contacting both NA and CAlobes in a soAcalled 1A10 interaction motif 
(Fig. 3A). Our data indicate that the 1:1 CaM:TRPV6 complex is different, with 
separate regions of TRPV6 contacting either the NAlobe or the CAlobe exclusively 
(Figs 3C,D). Given the high degree of similarities of the CAlobe CSP patterns of the 
CaM12 and CaMWT complexes for both TRPV6 (Figs 1D and 2C) and TRPV5 
52
, the 
conformation of the CAlobe in complex with the channel tail is expect to be very 
similar in all cases.  The complex of CaM12 with the TRPV6 paralogue TRPV5 
displays a 1A5A8 CaM interaction motif, with a fully disengaged NAlobe
52
 allowing for 
full adaptability of its orientation. We searched the PDB repository for structures of 
CaMWT:target complexes that could present a more suitable model for the fully Ca
2+
A
loaded 1:1 CaMWT:TRPV6 complex. Three 1:1 CaMWT:peptide complexes, i.e. 
Munc13A1:CaM
43
, αIIAspectrin:CaM
44
 and Matrix domain of HIVA1 gag:CaM
45
, were 
identified that each have a conserved tryptophan residue bound to the CaM CAlobe, 
similarly to TRPV6 and TRPV5, with a second hydrophobic residue bound to the 
CaM NAlobe, again similar to TRPV6. The peptides bind antiparallel to the CaM NA 
and CAlobes and the CaM NA and CAlobes display a much more open conformation. 
Interestingly, the larger the number of residues between the CAlobe bound tryptophan 
and the NAlobe bound hydrophobic residue, the more open the complex becomes. By 
sequence analogy alone, the CaMWT:TRPV6 complex would be expected to resemble 
the αIIAspectrin:CaM complex (PDB code 2FOT), while simultaneously suggesting 
that the peptide used in the XAray studies of the CaM: TRPV1 complex may have 
been too short at the CAterminus to fully capture the analogous effects as reported in 
this study for TRPV6.  
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 Until now, the full molecular mechanism(s) of TRP channel inactivation by 
CaM have been elusive. The most popular hypothesis, formulated for the TRPV1 and 
TRPV4 channels, proposes the formation of a ternary complex such that CaM bridges 
the channels NA and CAtermini via NAtailACaM NAlobe and CaM CAlobe CAtail 
complexes. Potentially, the formation of such a ternary complex could involve the 
distinct CaM NAlobe mediated second interaction surface we observed in the 1:2 
CaM:TRPV6 complex. However, within the TRPV subfamily CaMWT has only been 
shown to bind to the NAterminal cytosolic domain of TRPV1, TRPV3 and TRPV4 and 
not to TRPV2, TRPV5 or TRPV6 
46
, rendering this mode of interaction for channel 
inactivation of the latter and potentially the whole TRPV subAfamily, unlikely. 
Moreover, attempts to form such a complex for TRPV1 have so far proven 
unsuccessful
38
. In contrast, our twoAtail hypothesis is backed by experimental data 
that include the formation of a specific 1:2 CaM:TRPV6 complex (Fig. 4) and fully 
explains the effects of the L707A mutation (Fig. 5) whereas the NAtail/CAtail CaM 
bridging model fails to explain the resulting experimentally observed effects.  
Our twoAtail model hinges on the charging of the CaM NAlobe as the crucial 
Ca
2+
Asensing step with the CAtails not fully charged with CaM under basal Ca
2+
 
conditions, i.e. dependent on the local availability of the partially Ca
2+
 loaded CaM. 
Once fully charged with Ca
2+
, the CAterminal region of the TRPV6 CAtail CaM 
binding site engages with the newly created hydrophobic pocket on the NAlobe via its 
L707 residue. Concomitantly, our model postulates that W695 from a second TRPV6 
CAtail competes and displaces L707 from the hydrophobic pocket, thus using CaM to 
form a bridge between two TRPV6 CAtails resulting in channel inactivation (Fig. 6). 
This mode of binding has also been observed in the structures of CaM with petunia 
glutamate decarboxylase, where two CAtail peptides interact simultaneously; each via 
a single tryptophan residue with either the CaM NA or CAlobes to form a 1:2 
CaM:peptide complex
47,48
. In addition, a similar structure was also determined for 
CaM interacting with the CaM binding domain of the tetrameric Orai1 channel, where 
a 1:2 CaM:channel complex was shown to occur 	
49
. Finally a pseudoAatomic 
structure of fullAlength tetrameric aquaporinA0 in complex with CaM
50
 infers a 
mechanism of CaM mediated channel inactivation similar to the one proposed here 
for TRPV6. 
 In conclusion, our data underpins a novel “twoAtail” model for the CaMA
mediated inactivation of the TRPV6 channel. This model comprises three 
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dynamically connected states in which differential interactions between the CAtails 
within the tetrameric channel and the CaM NA and CAlobes form the defining 
elements. Using a structure and interaction driven approach, we have characterised 
the crucial molecular components for each stage. Notably, we have identified the 
CaM NAlobeAmediated 1:2 CaM:TRPV6 complex formation as the key event that 
leads to channel inactivation. We have shown that the L707A mutation resulted in a 
significant increase in the rate of channel inactivation; an effect never previously 
observed within the TRPV family and that can only be explained by our “twoAtail” 
model of CaM mediated TRPV channel inactivation. 
 
	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( 
Four Figures: evaluation of the integrity of all the CaM mutants, assessment of 
CaM1234, CaM123, CaM124 and CaM34 binding to the TRPV
655A722
 fragment, and the 
full NMR analysis of all fifteen TRPV
655A722
 mutants.   
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